Light-Induced Activation of Distinct Modulatory Neurons Triggers Appetitive or Aversive Learning in Drosophila Larvae  by Schroll, Christian et al.
Current Biology 16, 1741–1747, September 5, 2006 ª2006 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2006.07.023Report
Light-Induced Activation of Distinct
Modulatory Neurons Triggers Appetitive
or Aversive Learning in Drosophila LarvaeChristian Schroll,1 Thomas Riemensperger,1
Daniel Bucher,1 Julia Ehmer,1 Thomas Vo¨ller,1
Karen Erbguth,1 Bertram Gerber,1
Thomas Hendel,1,3 Georg Nagel,2
Erich Buchner,1 and Andre´ Fiala1,*
1Lehrstuhl fu¨r Genetik und Neurobiologie
Theodor-Boveri-Institut fu¨r Biowissenschaften
Universita¨t Wu¨rzburg
Biozentrum
Am Hubland
97074 Wu¨rzburg
Germany
2Lehrstuhl fu¨r Botanik I - Molekulare
Pflanzenphysiologie und Biophysik
Julius-Sachs-Institut fu¨r Biowissenschaften
Universita¨t Wu¨rzburg
Julius-von-Sachs-Platz 2-3
97082 Wu¨rzburg
Germany
Summary
During classical conditioning, a positive or negative
value is assigned to a previously neutral stimulus,
thereby changing its significance for behavior. If an
odor is associated with a negative stimulus, it can be-
come repulsive. Conversely, an odor associated with
a reward can become attractive. By using Drosophila
larvae as a model system with minimal brain complex-
ity, we address the question of which neurons attribute
these values to odor stimuli. In insects, dopaminergic
neurons are required for aversive learning, whereas
octopaminergic neurons are necessary and sufficient
for appetitive learning [1–4]. However, it remains un-
clear whether two independent neuronal populations
are sufficient to mediate such antagonistic values.
We report the use of transgenically expressed chan-
nelrhodopsin-2 [5], a light-activated cation channel,
as a tool for optophysiological stimulation of geneti-
cally defined neuronal populations in Drosophila
larvae. We demonstrate that distinct neuronal popula-
tions can be activated simply by illuminating the
animals with blue light. Light-induced activation of
dopaminergic neurons paired with an odor stimulus
induces aversive memory formation, whereas activa-
tion of octopaminergic/tyraminergic neurons induces
appetitive memory formation. These findings demon-
strate that antagonistic modulatory subsystems are
sufficient to substitute for aversive and appetitive
reinforcement during classical conditioning.
*Correspondence: afiala@biozentrum.uni-wuerzburg.de
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Martinsried, Germany.Results
Characterization of Channelrhodopsin-2 Function
in Drosophila Larvae
Channelrhodopsin-2 (ChR2) has been identified as a
directly light-activated cation-selective ion channel in
the green alga Chlamydomonas reinhardtii [5]. We have
generated transgenic flies expressing channelopsin-2
under the control of a Gal4 binding upstream activator
sequence (UAS). Channelopsin-2 forms in the presence
of all-trans retinal the light-gated channelrhodopsin-2
[5]. The UAS-Gal4 system [6] enabled us to target the
expression of ChR2 to a variety of genetically defined
neuron types by crossing the UAS:ChR2 lines to diverse
Gal4-expressing ‘‘driver’’ lines. When ChR2 was ex-
pressed panneuronally with the driver line elav-Gal4
[7], we observed instantaneous strong contractions of
third instar larvae induced by blue light (see Movie S1
in the Supplemental Data available online). We used
this simple behavioral response to determine the param-
eters required for ChR2-dependent, light-induced acti-
vation of neurons in Drosophila larvae. A wavelength
of 480 nm is most effective (Figure 1A), essentially
matching the action spectrum of light-evoked currents
recorded in ChR2-expressing Xenopus oocytes [5]. For
determining the light intensity required to evoke signifi-
cant responses under conditions similar to the experi-
ments below, individual larvae were placed in short
glass tubes with blue light diodes placed at the two ends
of the tube. Increasing the intensity of 1 s light pulses
at w470 nm resulted in an increase in the probability
of contraction, reaching saturation at w0.02 mW/mm2
irradiance (Figure 1B). These responses are indeed
dependent on ChR2, as the supplement of all-trans
retinal to the larvae’s diet is required for these body
contractions (Figure 1C). In order to test the cell type-
specific action of ChR2, we expressed it again pan-
neuronally by means of the driver line elav-Gal4 [7], or
in a large population of motorneurons (and a number
of interneurons) by means of the driver line D42-Gal4
[8]. In both cases, larvae showed reliable light-induced
contractions (Figure 1D). However, when ChR2 was ex-
pressed in modulatory, aminergic neurons under the
control of the driver line TH-Gal4 [9], which targets
ChR2 to dopaminergic neurons, or the line TDC2-Gal4
[10], which is specific for octopaminergic plus tyrami-
nergic neurons, no contractions were detectable. To
test whether the effect of ChR2 activation is indeed
due to a light-induced depolarization of neurons, we
performed electrophysiological recordings of excitatory
junction potentials (EJPs) from several body wall mus-
cles at the neuromuscular junction [11]. In larvae ex-
pressing ChR2 in motorneurons, short light pulses
(100 ms) evoked single EJPs (Figure 2A), demonstrating
that light-induced depolarization of neurons inDrosoph-
ila larvae can be controlled with high temporal resolu-
tion. Light stimulation of several seconds evoked sus-
tained trains of EJPs with frequencies between 5 and
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1742Figure 1. Characterization of Channelrho-
dopsin-2 Function by Measuring Body Con-
traction
(A) Wavelength dependency of contractions
in larvae expressing channelrhodopsin-2
panneuronally (elav-Gal4/UAS:ChR2) (n = 10).
(B) Light intensity dependence of contrac-
tions in larvae expressing channelrhodop-
sin-2 panneuronally (n = 20), presented as
a function of irradiance.
(C) Larvae expressing channelrhodopsin-2
panneuronally (elav-Gal4/UAS:ChR2) show
reliable light-induced contractions at 0.64
mW/mm2 only if retinal is supplied in the
diet. Control strains carrying either the chan-
nelrhodopsin-2 construct only (UAS:ChR2) or
the Gal4 construct only (elav-Gal4) do not
show contractions with or without retinal
(n = 20 each).
(D) Larvae expressing channelrhodopsin-2
panneuronally (elav-Gal4) or in motorneurons
(D42-Gal4) show light-induced contractions
at 0.64 mW/mm2, whereas larvae expressing
channelrhodopsin-2 in dopaminergic neu-
rons (TH-Gal4) or octopaminergic/tyraminer-
gic neurons (TDC2-Gal4) do not (n = 20 each).50 Hz, depending on the preparation (Figure 2B). Control
strains either carrying only the UAS:ChR2 construct or
expressing Gal4 without the UAS construct showed in
no case any electrophysiological response to illumina-
tion (n = 5 each; data not shown).
Light-Induced Activation of Modulatory Neurons
Does Not Impair Odor Perception or Locomotion
Next, we established a method to exploit this technique
in behavioral experiments. Chemotaxis represents a
well-described behavior of Drosophila larvae, which
are attracted to most odorants [12]. Groups of larvae
were placed in the middle of a small cell-culture dish
on which an odor gradient was generated by providing
3-octanol on one side of the dish. The whole plate was
illuminated with a fluorescence microscope, first with
blue light (w0.08 mW/mm2) and then by red light illumi-
nation for 1 min each. When ChR2 was expressed in
a large subset of motorneurons via the Gal4-line D42
[8], chemotaxis was abolished at blue light due to an im-
pairment of locomotor activity (Figure 3A). This effect
was fully reversible, since at the subsequent red light
illumination, odor attraction was normal. The control
strains carrying the UAS:ChR2 construct or the D42-
Gal4 construct only did not show any locomotor impair-
ment during illumination. Importantly, larvae expressing
ChR2 either in dopaminergic neurons or octopaminer-
gic/tyraminergic neurons behaved indistinguishably
from the control lines both at blue and red light illumina-
tion (Figures 3B and 3C). These data demonstrate that
activating aminergic neurons does not impair odor per-
ception or locomotor activity.Substitution of Reinforcing Stimuli
during Olfactory Learning
The combination of cell type-specific neuronal activa-
tion with behavioral observation provided a basis for an-
alyzing which neurons’ activity can substitute for rein-
forcing stimuli during associative olfactory learning.
We used a discriminatory learning paradigm in which
odors (3-octanol or n-amylacetate diluted 1:4 in paraffin
oil) as conditioned stimuli (CS) are associated with gus-
tatory stimuli as reinforcing, unconditioned stimuli (US)
[13, 14]. Larvae were exposed on a cell-culture dish for
5 min to one odor (CS+) in the presence of 2 M fructose
Figure 2. Light-Evoked Excitatory Junction Potentials Recorded
from Body Wall Muscle 15 in Larvae Expressing Channelrhodop-
sin-2 in Motorneurons
(A) Light pulses of 100 ms, indicated as gray bars, evoke single EJPs.
(B) A continuous light stimulus, indicated as a gray bar, evokes a
sustained train of EJPs. The traces represent typical examples.
Mean resting potential was 245.4 mV, EJP amplitude 5.8 6 0.4 mV
(mean 6 SEM, n = 7).
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1743Figure 3. Chemotaxis Is Impaired by Light-Induced Activation of Motorneurons but Not Aminergic Neurons
(A) Blue light illumination (blue bars) but not red light illumination (red bars) impairs chemotaxis toward 3-octanol if channelrhodopsin-2 is
expressed in motorneurons (D42-Gal4/UAS:ChR2) (p < 0.05). In genetic control strains carrying either the channelrhodopsin-2 construct only
(UAS:ChR2) or the Gal4 construct only (D42-Gal4), odor preference remains intact under illumination with either color (p > 0.05).
(B) Neither blue nor red light illumination affects chemotaxis if channelrhodopsin-2 is expressed in octopaminergic/tyraminergic neurons (TDC2-
Gal4/UAS:ChR2) (p > 0.05), or in the genetic control strains carrying either the channelrhodopsin-2 construct only (UAS:ChR2) (p > 0.05) or the
Gal4 construct only (TDC2-Gal4) (p > 0.05).
(C) Neither blue nor red light illumination affects chemotaxis if channelrhodopsin-2 is expressed in dopaminergic neurons (TH-Gal4/UAS:ChR2)
(p > 0.05), or in the genetic control strains carrying either the channelrhodopsin-2 construct only (UAS:ChR2) (p > 0.05) or the Gal4 construct only
(TH-Gal4) (p > 0.05). Bars represent mean 6 SEM (n = 20 each).as an appetitive US, followed by a 5 min exposure to
a second odor (CS2) without any reinforcing stimulus.
In half of the experiments, 3-octanol was used as CS+
and n-amylacetate as CS2, in the other half of the exper-
iments n-amylacetate was used as CS+ and 3-octanol
as CS2. This balanced learning regime excludes any
possible odor-specific effects. After three such differen-
tial training trials, which were performed in darkness,
larvae were tested for 1 min in a choice situation for their
preference between the reinforced and nonreinforced
odor. Larvae expressing ChR2 in octopaminergic/tyra-
minergic neurons as well as the genetic control strains
acquired appetitive memory for the rewarded odor (Fig-
ure 4A). Critically, we identically repeated the learning
experiment, but instead of providing fructose, we used
blue light illumination of the dish during training (1 s light
pulses in 10 s intervals withw0.08 mW/mm2). One odor
(CS+) was paired with light-induced activation of octo-
paminergic/tyraminergic neurons, whereas the second
odor (CS2) was presented in darkness. Under these
conditions, larvae expressing ChR2 in octopaminergic/
tyraminergic neurons acquired appetitive memory for
the CS+ comparable to the memory induced by fructose
as a US (Figure 4B). The control strains did not show any
significant learning under these conditions, demonstrat-
ing that the bright illumination itself does not act as a
reinforcing stimulus. Conclusively, light-induced activa-
tion of octopaminergic/tyraminergic neurons is suffi-
cient to substitute for the reinforcing properties of a
rewarding stimulus during olfactory learning.
In order to test whether activation of dopaminergic
neurons may in turn substitute for aversive reinforcing
stimuli, we repeated the experiment in darkness with
3 M NaCl as an aversive US. One odor (CS+) was paired
with the reinforcing salt stimulus, and the other odor
(CS2) was presented without salt. Importantly, in Dro-
sophila larvae, recall of aversive olfactory memory is ob-
served only when tested in a situation that drives the an-
imals to use that memory in order to change their
environment, i.e., in the presence of the aversive saltstimulus [14]. When tested in a choice situation in the
presence of 3 M NaCl, larvae expressing ChR2 in dopa-
minergic neurons as well as the control strains displayed
aversive memory for the odor associated with the US
(Figure 4C). Next, we replaced the reinforcing NaCl stim-
ulus by illuminating the dish with blue light. One odor
(CS+) was paired with the light stimulus; the other odor
(CS2) was presented in darkness. Larvae expressing
ChR2 in dopaminergic neurons acquired aversive mem-
ory (Figure 4D), whereas the control strains did not (Fig-
ure 4D). Therefore, the activity of dopaminergic neurons
is sufficient to substitute for the reinforcing properties of
an aversive stimulus during associative olfactory learn-
ing. Because the two different subsets of modulatory
neurons are sufficient to induce opposite types of learn-
ing, appetitive or aversive, respectively, they serve as
controls for each others’ specific function. However,
since the test situations differ between appetitive and
aversive learning paradigms, we performed a control ex-
periment in which we repeated the stimulus substitution
experiments for larvae expressing ChR2 in octopami-
nergic/tyraminergic neurons or in dopaminergic neu-
rons, respectively, but reversed the test conditions. Lar-
vae expressing ChR2 in octopaminergic/tyraminergic
neurons were trained by presenting one odor with light
(CS+), whereas the second odor was presented in dark-
ness (CS2). The appetitive memory for the CS+ formed
during the training (Figure 4B) is not expressed if larvae
are tested in the presence of salt (Figure S1). Con-
versely, larvae expressing ChR2 in dopaminergic neu-
rons were trained by presenting one odor with light
(CS+), whereas the second odor was presented in dark-
ness (CS2). The aversive memory for the CS+ formed
during the training (Figure 4D) is not expressed if larvae
are tested in the absence of salt (Figure S1). This result
demonstrates that activating dopaminergic neurons
does not lead to appetitive memory retrieval when tested
under conditions appropriate for the expression of appe-
titive memory. Activating octopaminergic/tyraminergic
neurons does not lead to aversive memory expression
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1744Figure 4. Light-Induced Activation of Modu-
latory Neurons Substitutes for Reinforcing
Stimuli during Olfactory Learning
(A) Larvae expressing channelrhodopsin-2
in octopaminergic/tyraminergic neurons
(TDC2-Gal4/UAS:ChR2) as well as control
strains carrying the Gal4-construct only
(TDC2-Gal4) or the channelrhodopsin-2 con-
struct only (UAS:ChR2) show appetitive
memory after pairing one of two odors (n-
amylacetate and 3-ocatnol) with fructose
(p < 0.05; n = 64 each). Training and test
were performed without light stimulus.
(B) If we use channelrhodopsin-2 to directly
activate octopaminergic/tyraminergic neu-
rons by light stimulation instead of providing
the fructose reward during training, those lar-
vae that express channelrhodopsin-2 (TDC2-
Gal4/UAS:ChR2) show appetitive memory
(p < 0.05; n = 64). The control strains carry-
ing the Gal4 construct only (TDC2-Gal4)
or the channelrhodopsin-2 construct only
(UAS:ChR2) do not show appetitive memory
(p > 0.05; n = 64 each).
(C) Larvae expressing channelrhodopsin-2 in
dopaminergic neurons (TH-Gal4/UAS:ChR2)
as well as the control strains carrying
the Gal4-construct only (TH-Gal4) or the
UAS:ChR2 construct only (UAS:ChR2) show
aversive memory after pairing one of two
odors with NaCl (p < 0.05; n = 50 each). Train-
ing and test were performed without light
stimulus.
(D) Activation of dopaminergic neurons (TH-
Gal4/UAS:ChR2) by light substitutes for the
NaCl reinforcer as it induces aversive memory
(p < 0.05; n = 50). The control strains carrying
the Gal4 construct only (TH-Gal4) or the chan-
nelrhodpsin-2 construct only (UAS:ChR2)
do not show significant memory (p > 0.05;
n = 50 each). Bars represent mean 6 SEM.if tested under conditions appropriate for the expression
of aversive memory. Thus, the opposite memories ob-
served after appetitive (Figures 4A and 4B) or aversive
(Figures 4C and 4D) training, respectively, are due to dif-
ferent acquisition processes rather than different test
situations.
Discussion
A major goal in neuroscience is to determine how the
activity of neuronal elements of the brain’s circuitry can
cause a sensory percept, a behavioral response, or a
change in behavior. Monitoring neuronal activity can
provide correlations between external stimuli or behav-
ioral actions and internal representations. However, cor-
relations cannot differentiate between cause and effect:
a neuron responding to a stimulus in correlation with a
behavioral response is not necessarily causative for the
stimulus-evoked behavior. Moreover, from correlative
recordings it will not be possible to conclude whether
the observed activity is sufficient to fulfill a proposed
function. Direct electrophysiological stimulation of neu-
rons (e.g., [1, 15]), which could provide this information,
is difficult if cells are deeply embedded in or widely
distributed across the brain. To overcome these limita-
tions, new molecular tools have been developed to non-
invasively depolarize genetically defined populations ofneurons by light [5, 16–18]. Most of these DNA-
encoded constructs have serious drawbacks, e.g., the
necessity to coexpress multiple genes [16] or the re-
quirement of acute injection of chemical compounds
[17, 18]. The light-sensitive cation channel channelrho-
dopsin-2 (ChR2) isolated from the green algaChlamydo-
monas [5] circumvents these problems. In C. elegans,
light-induced contractions have been observed when
ChR2 was expressed in muscle cells [19]. When ex-
pressed in cultured hippocampal neurons, light flashes
evoke action potentials controllable at a millisecond
timescale [20]. Expression of ChR2 in retinal neurons
of mice with photoreceptor degeneration restores elec-
trophysiological responses of visual interneurons to
light [21]. Drosophila represents a favorable organism
to exploit this tool for a combined behavioral and neuro-
nal network analysis because any transgene can be
readily expressed in a wide variety of genetically defined
neuronal populations [6]. In particular, the Drosophila
larva has recently become a highly successful model
system for neurobiological questions such as olfactory
coding [12, 22, 23] or learning and memory [13, 14, 24,
25], because its central nervous system is even simpler
than the adult brain and behavioral responses can be
monitored easily. For optophysiological stimulations,
the larva offers the additional advantage of a transparent
cuticle. As a proof of principle, our results demonstrate
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with optophysiological activation in this model organ-
ism. It will now be of interest to apply this relatively novel
technology also to behavioral experiments in adult Dro-
sophila and other transgenically tractable organisms,
e.g., zebrafish or mice.
With this technique, we have addressed a question
of central interest in neuroscience: are there distinct
neuronal subsystems mediating opposing types of
reinforcement? In vertebrates, the activity of dopami-
nergic neurons reflects reinforcing properties of reward-
ing stimuli [26]. Conversely, serotonergic neurons have
been proposed to mediate aversive reinforcement [27],
but clear evidence is still lacking. In addition, the suffi-
ciency for any neuronal population’s activity to substi-
tute for reinforcing stimuli in vertebrates has not been
demonstrated. A more informative basis for opposing
reinforcement systems is provided from experiments
on diverse insect species. In adult Drosophila, dopami-
nergic neurons respond to a punishing electric shock
stimulus [28], and blocking synaptic transmission from
dopaminergic neurons during olfactory learning impairs
aversive but not appetitive memory formation [3]. In ac-
cordance with these findings, dopamine receptor antag-
onists disrupt aversive but not appetitive olfactory learn-
ing in crickets [4]. On the other hand, octopamine has
been shown to be a necessary transmitter for appetitive
olfactory learning in adult Drosophila and crickets [3, 4].
The sufficiency of a neuronal cell type for mediating a
reinforcing stimulus has been demonstrated for honey
bees: electrophysiological stimulation of a single neuron
substitutes for an appetitive reinforcing stimulus in ol-
factory conditioning [1]. This neuron most likely belongs
to a cluster of octopaminergic neurons that has been de-
scribed in honeybees, adultDrosophila, and other insect
species [29–31]. In accordance with these findings, local
injection of octopamine also substitutes for the reinforc-
ing stimulus in appetitive olfactory conditioning of honey
bees [2]. Therefore, several lines of evidence have led to
the idea of two modulatory systems being causative for
opposite types of learning in insects. Our data provide a
direct proof of this concept. It will be of interest to see
whether opposing modulatory transmitter systems can
be identified in vertebrates as well, a task for which
ChR2 might provide a valuable tool.
Experimental Procedures
Generation of Transgenic Flies
The cDNA of channelopsin-2 [5] was obtained in the pBK-CMV-
D[1098-1300] vector. XbaI and EcoRI restriction sites were intro-
duced by linker PCR with the primers 50-GCTCTAGAGCTTACTTGC
CGGTGCCCTT-30 and 50-GGAATTCCATGGATTATGGAGGCGCCCT
GA-30. The resulting PCR product was ligated into the pUAST vector
[6]. Germline transformation of the construct into w1118 flies was per-
formed with standard techniques. From the obtained transgenic
lines, one with a single P element insertion on the second chromo-
some was used for combination with Gal4 lines carrying the P ele-
ment on the third chromosome (TH-Gal4 [9], D42-Gal4 [10], elav-
Gal4 [7]). A second transgenic line carrying the P element on the third
chromosome was used for combination with the TDC2-Gal4 line [8]
carrying the P element on the second chromosome. All larvae used
for experiments were homozygous for both the UAS construct and
the Gal4 construct, except for the line carrying elav-Gal4, which
was heterozygous over a balancer chromosome (TM2 or TM3) as a
result of homozygous lethality of the insertion. Control strainswere homozygous for either the Gal4 constructs (except for elav-
Gal4) or the UAS constructs. The genetic background of all trans-
genic larvae was white2.
Measurements of Body Contractions
Individual 5- to 6-day-old third instar larvae raised on standard me-
dium at 25C were used throughout. Unless mentioned otherwise,
the standard medium contained 100 mM final concentration of all-
trans retinal (Sigma, Heidelberg, Germany), which was mixed into
the food. The larvae were washed several times with tap water after
collecting them from food vials. For determining the optimal wave-
length to induce contractions, individual larvae were placed onto
small cell-culture dishes of 3.5 cm diameter half filled with 1% aga-
rose. Illumination was achieved with an upright wide-field micro-
scope (Axioscope 2FS, Zeiss, Go¨ttingen, Germany) equipped with
a 75 W xenon arc lamp as light source and a polychromator (Visitron,
Puchheim, Germany). Light of 360–600 nm wavelengths at 20 nm
intervals and 10 nm half-width was focused onto the larvae with
a 403 objective. For experiments testing for dependence of muscle
contractions on light intensity, retinal supplement to the food, and
the Gal4-line used, larvae were placed into a plastic tube of 2 cm
length and 6 mm diameter. Light was applied via two diodes with
peak intensities at w470 nm (Luxeon V Star, Lumileds Lighting,
San Jose, CA) placed at the two ends of the tube. Light intensity
was controlled with a custom-built power supply and is presented
as irradiance. Contractions of the whole larvae in response to light
stimulation were observed with a stereomicroscope at constant
red light illumination.
Electrophysiology
Recordings were performed on third instar larvae. Larvae raised on
standard medium containing 100 mM all-trans retinal were dissected
in HL3 saline [32] with 1 mM calcium and the ventral ganglion was left
intact. Intracellular recordings were made from muscle fibers 6, 7,
15, 16, or 17 with microelectrodes (10 to 20 MU) filled with 3 M
KCl. Only muscle fibers with resting potentials between 240 and
270 mV were used. Recordings were made with a Neuroprobe
1600 amplifier (A-M Systems Inc., Carlsborg, WA) and low pass
filtered at 10 kHz. Excitatory junction potentials were recorded and
analyzed with DASYlab (Data Acquisition System Laboratory, Mo¨n-
chengladbach, Germany). Blue light was applied with a diode fo-
cused onto a plastic light guide placed at w5 mm distance to the
recording electrode. 50–100 EJPs were analyzed per preparation.
Test for Odor Preference
For measuring chemotaxis, larvae were collected from the food vials,
washed in tap water, and placed in the middle of a cell-culture dish of
3.5 cm diameter half filled with 1% agarose. 1 ml of 3-octanol (Merck
Schuchardt, Hohenbrunn, Germany) was spotted into one of two lids
of 100 ml PCR tubes (Brand, Wertheim, Germany), which were posi-
tioned at the opposite sides close to the rim of the dish. The lid of
the dish was closed and the dish placed under an upright wide-field
fluorescence microscope (Leica DMRA, Leica Microsystems, Wet-
zlar, Germany) equipped with a 100 W Hg arc lamp. For blue light il-
lumination, a 480/40 nm bandpass filter and a 505 nm LP dichroic mir-
ror were used; for red light illumination, a 620/60 nm bandpass filter
and a 660 nm LP dichroic mirror were used. To achieve a homoge-
neous illumination of the entire dish, it was positioned 17 mm below
the focal plane of a 203 objective (NA = 0.7). Light intensity was de-
termined to 0.08 mW/mm2 irradiance. Larvae were allowed to distrib-
ute on the plate for 1 min and the number (n) of animals on the side
containing the odor (OCT) and the number of animals on the opposite
side (control) were counted. Preference indices were calculated as
(n (OCT)2 n (control))/(n (OCT) + n (control)). For statistically testing
differences between the preference indices at blue and red illumina-
tion, the Wilcoxon matched-pairs signed-ranks tests were used and
Bonferroni correction was applied.
Learning Experiments
The appetitive and aversive olfactory associative learning para-
digms were modified after Hendel et al. [13]: 5- to 6-day-old third in-
star larvae were collected from the food vials and washed three
times in tap water. Training was performed by placing five larvae
in the center of a cell-culture dish of 3.5 cm diameter half filled
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1746with 1% agarose and placed into a dark box. As conditioned stimuli,
1 ml of either 3-octanol or n-amyl acetate (Merck, Darmstadt, Ger-
many) diluted 1:4 in paraffin oil (Fluka, Buchs, Switzerland) was spot-
ted onto a small piece of tissue (w5 mm diameter) attached to the
center of the lid of the dish. As an appetitive reinforcing stimulus,
the agarose contained 2 M fructose (Roth, Karlsruhe, Germany),
and as an aversive reinforcing stimulus, 3 M NaCl (AppliChem,
Darmstadt, Germany). For experiments in which the reinforcer was
substituted by light, the dish was placed under an upright wide-field
fluorescence microscope as described above. The entire dish was
illuminated repetitively for 1 s at 10 s intervals with a 203 objective.
Larvae were exposed to one odor (CS+) in the presence of the rein-
forcing stimulus for 5 min followed by an exposure to the other odor
in the absence of any reinforcing stimulus (CS2). Both odorants
were equally often used as CS+ or CS2, respectively. The differen-
tial training procedure was repeated three times and the larvae were
immediately transferred to the center of an agarose-containing cell-
culture dish in which 1 ml of the two odors was spotted into the lids of
100 ml PCR tubes placed at opposite sides of the dish, and the dish
was placed into a dark box. Appetitive learning was tested on dishes
containing 1% pure agarose, and aversive learning was tested
on dishes containing 1% agarose with 3 M NaCl. After 1 min, the num-
ber of larvae (n) on either side of the dish was counted. Learning
indices for each trial were calculated as: (n (CS+) 2 n (CS2))/
(n (CS+) + n (CS2)). For statistics, the Wilcoxon matched-pairs
signed-ranks test and Bonferroni correction were used.
Supplemental Data
One Supplemental Figure and one Supplemental Movie can be
found with this article online at http://www.current-biology.com/
cgi/content/full/16/17/1741/DC1/.
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